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ABSTRACT 
Titanium and its alloys are widely used for aerospace applications due to its favourable 
properties. Specifically, Ti-6Al-4V alloy is referred to as the workhorse as it constitutes about 
60% of the total titanium manufactured products. Conventional manufacturing of titanium and 
its alloys require great deal of machining which leads to high manufacturing costs and material 
wastage. The Buy-to-Fly ratio for these components can be as high as 20. Novel process of 
Additive Manufacturing is viewed as a promising alternative to address these issues. Wire Arc 
Additive Manufacturing (WAAM), in particular, provides several advantages such as low 
manufacturing costs, high deposition rates and significantly low material wastage. However, 
the macrostructure and microstructure, determining the properties in component, of Ti-6Al-4V 
manufactured using WAAM consists presence of large columnar grains. This causes directional 
dependence of physical properties – Anisotropy in the component which prevents industrial 
implementation of WAAM for manufacturing Ti-6Al-4V aerospace components.  
This report sets out to explore and investigate the feasibility of a novel approach – Hybrid 
Additive Manufacturing + Forging to achieve grain refinement and eliminate the presence of 
large columnar grains in Ti-6Al-4V manufactured using WAAM. Room Temperature and High 
Temperature Hybrid AM + forging was performed and the effects of deformation rates on 
columnar grains were examined. Additionally, WAAM parameters for layer deposition as well 
as forging process were optimized for improving the effectiveness of grain refinement.  
Room Temperature Hybrid AM + forging resulted in reduced presence of columnar grains 
within the macrostructure, however, the reduction was unevenly distributed. Hybrid AM + 
forging at high temperature led to significant reduction in presence of columnar grains resulting 
in grain refinement. Subsequently, improved Hybrid AM + forging at room temperature with 
optimized parameters was highly effective in achieving substantial grain refinement and 
formation of refined macrostructure.  
Through Hybrid AM + forging of Ti-6Al-4V, undesirable macrostructure with large columnar 
grains causing Anisotropy can be transformed into refined macrostructure resembling to that of 
forged components. Hence, this novel approach addresses the drawbacks and enables industrial 
implementation of WAAM for manufacturing Ti-6Al-4V aerospace components.  
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1 INTRODUCTION 
Titanium is a well-known metal due to its excellent corrosion resistance, fatigue resistance and 
high strength to weight ratio. Despite having light weight, specific strength of titanium is almost 
twice as of low carbon steel. Among all of the titanium alloys, Ti-6AL-4V constitutes about 
60% of the total titanium components manufactured for aerospace applications and is referred 
to as workhorse in the industry. The components are generally manufactured using forging 
process which involves high material wastage due to excessive machining. Their Buy-To-Fly 
ratio can be as high as 20 and hence their associated manufacturing costs are high (Leyens & 
Peters 2003). However, due to its favourable properties, titanium and its alloys are still widely 
used for aerospace applications. 
Additive Manufacturing (AM) is a relatively new manufacturing process wherein three-
dimensional (3D) products are formed by progressive addition of thin layers of raw material. It 
enables manufacturing of intricate components in one piece as well as reduces the material 
wastage. Hence, it is viewed as a feasible alternative to manufacture Ti-6Al-4V components for 
aerospace industry. The costs involved in manufacturing components through AM are 
significantly lower compared to conventional forging processes. Wire Arc Additive 
Manufacturing (WAAM) is similar to Tungsten Inert Gas welding (TIG/GTAW) where the 
process of manufacturing is automated by use of wire feeder and a CNC bed. Due to its 
substantial low cost, high metal deposition rate – 1kg/hr to 4kg/hr and flexibility in 
manufacturing process – no size limitations, it is highly suitable for production of Ti-6Al-4V 
components (Martina et al. 2012).  
Macrostructure and Microstructure are highly responsible for determining the properties in the 
component. The macrostructure of WAAM produced Ti-6Al-4V is completely different to a 
forged specimen and exhibits the presence of large columnar grains (Martina, Filomeno et al. 
2015). It is highly undesirable as the presence of these large columnar grains lead to directional 
dependence of physical properties – Anisotropy in the component. This prevents the industrial 
implementation of WAAM for production of Ti-6Al-4V components.  
It is hence essential to reduce the gap between the macrostructures of forged and WAAM 
produced components by minimizing the presence of large columnar grains. Various research 
has been conducted in the field to find a feasible alternative. These include investigation of 
chemical additives such as silicon and boron in Ti-6Al-4V component during WAAM process 
(Bermingham et al. 2015; Mereddy et al. 2017). Another such work include investigation of 
  Grain Refinement of Titanium alloy – Ti-6Al-4V manufactured by WAAM 
 
Sozaf AMIRI  2 
interpass rolling of WAAM produced Ti-6Al-4V components (Martina et al. 2015; Donoghue 
et al. 2016).  
Although research has been done to reduce the gap between the macrostructures of forged and 
WAAM components, no feasible alternative for achieving grain refinement has been developed 
for industrial implementation of WAAM for manufacturing Ti-6Al-4V components. This 
present thesis focuses on investigating the feasibility of a novel process – Hybrid AM + forging 
to achieve grain refinement of titanium alloy – Ti-6Al-4V manufactured using WAAM to 
facilitate its implementation in aerospace industry and address the associated drawbacks.  
1.1 AIM AND OBJECTIVES 
The main goal of this thesis is to achieve grain refinement of titanium alloy – Ti-6Al-4V 
manufactured by Wire Arc Additive Manufacturing. This goal will be achieved by investigating 
the feasibility of novel process – Hybrid AM + forging to achieve grain refinement in Ti-6Al-
4V. The investigation will explore the effects of hammer forging in-between WAAM layer 
depositions and deformation rates on the reduction in presence of columnar grains in the 
macrostructure of components. Upon validation, this thesis will further explore alternative 
process techniques to improve the level of grain refinement for achieving refined microstructure 
that is typical with the forged components. Development of this novel approach for achieving 
grain refinement can facilitate industrial implementation of WAAM for manufacturing Ti-6Al-
4V components in aerospace applications and eliminate the drawbacks associated with 
conventional manufacturing processes. With the progression of experiments throughout the 
year, the objectives were modified and adapted based on the outcomes. The aim and objectives, 
in chronological order, are listed below.  
Aim: Grain Refinement of Titanium alloy – Ti-6Al-4V manufactured by Wire Arc Additive 
Manufacturing  
Objectives:  
1. Investigate the feasibility of Hybrid AM + forging process for achieving grain 
refinement of Ti-6Al-4V manufactured by Wire Arc Additive Manufacturing (WAAM) 
2. Investigate the effects of Room Temperature Hybrid AM + forging process and 
deformation rates on macrostructure of Ti-6Al-4V components manufactured using 
Wire Arc Additive Manufacturing (WAAM) 
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3. Investigate the effects of High Temperature Hybrid AM + forging process and 
deformation rates on macrostructure of Ti-6Al-4V components manufactured using 
Wire Arc Additive Manufacturing (WAAM) 
4. Investigate the effects of Improved Room Temperature Hybrid AM + forging process 
and deformation rates on macrostructure of Ti-6Al-4V components manufactured using 
Wire Arc Additive Manufacturing (WAAM) 
1.2 SCOPE 
It is essential to understand the limitations and scope of the investigations in developing 
outcomes for the thesis. These are listed below.  
In-Scope  Out of Scope 
• Manufacturing WAAM specimens 
• Performing Hybrid AM + forging using 
various parameters 
• Performing metallurgical grinding and 
polishing of samples for macroscopic 
examination 
• Investigating feasibility and effect of 
Hybrid AM + forging and deformation 
rates on grain structure 
• Determining optimal WAAM process 
parameters 
 • Design and development of custom rig 
for performing Hybrid AM + forging 
process 
• Determination of mechanical properties 
of specimens 
• Investigating the effects of Hybrid AM 
+ forging on the width of deposited 
wall  
• Investigating the refinement of α 
structure in the component during 
Hybrid AM + forging 
• Investigating effects of chemical 
addition  
1.3 THESIS STRUCTURE 
A brief overview of the topics covered under various chapters within this thesis is shown below.  
Chapter 2: This chapter in the thesis provides background information and literature review 
regarding titanium and its alloy Ti-6Al-4V. Attention is drawn to information regarding 
conventional manufacturing processes as well as Additive Manufacturing of titanium, in 
particular Wire Arc Additive Manufacturing. Mechanism for recrystallization after deformation 
processes such as forging is also discussed in brief. Drawbacks associated with WAAM are 
also outlined along with the several research techniques developed in the recent years to address 
those issues.  
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Chapter 3: This chapter provides detailed description of methodology adapted during the 
investigations in this thesis. It consists information pertaining to manufacturing of WAAM 
samples, hybrid AM + forging process, materials used as well as the procedures implemented 
for metallurgical specimen preparation.  
Chapter 4: Results obtained from various experiments performed during investigations for this 
thesis are displayed along with observations and analyses of obtained outcomes. Visual images 
of macrostructure and microstructure along with graphical representation of deformation rates 
are supplied. Information pertaining to the mechanism of grain refinement during Hybrid AM 
+ forging is also discussed wherein information from Chapter 2 is used. Additionally, other key 
observations during the execution of experiments are also mentioned in this section. 
Chapter 5: This chapter provides the limitations associated with the investigations carried out 
during the thesis. Further recommendations based on the limitations and achieved outcomes are 
mentioned for future interested researchers to improve and develop the current work.  
Chapter 6: This chapter summarizes the investigations in the thesis and links it to the aims and 
objectives. The results and outcomes obtained during the investigations are also outlined and 
summarized.   
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2 LITERATURE REVIEW 
The first section of this chapter provides information about titanium and its alloy Ti-6Al-4V. 
Information regarding different types of alloys and their properties are also discussed. 
The second section provides information regarding conventional processes for manufacturing 
titanium components. Forging of titanium, its classification and thermo-mechanical processes 
are discussed in brief. Moreover, the properties and microstructure of components obtained 
during such processes are also exhibited. 
The third section provides insight about Additive Manufacturing and its classification. 
Furthermore, Wire Arc Additive Manufacturing is discussed in brief in context with titanium 
alloy – Ti-6Al-4V. Drawbacks associated with its industrial implementation are also discussed. 
The forth section discusses different research methods to address the associated drawbacks. 
These include heat treatment, chemical addition, plastic deformation and interpass rolling.  
The fifth section briefly provides insight into various mechanisms of recovery, recrystallization 
and grain growth caused due to deformation in grain structure while forging.  
The last section summarizes the entire chapter by identifying the issues and possible feasible 
alternative derived from previous research is proposed.   
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2.1 TITANIUM 
Titanium is a well-known metal due to its excellent corrosion resistance and high strength to 
weight ratio. It is relatively new metal, and its industrial production started in 1948. The specific 
strength of titanium is almost twice as of low carbon steel with additional advantage of light 
weight. It also has high corrosion resistance and a low thermal expansion (Leyens & Peters 
2003). This leads to reduced life cycle costs and is hence preferred over other metals. However, 
it has relatively high costs compared to aluminium and steel alloys. 
Based on the constituent phase present at room temperature and the composition, titanium 
alloys are classified as α (alpha), α-β (alpha-beta) and β (beta) alloy. Alpha alloys have excellent 
weldability and corrosion resistance at extreme temperatures. However, they have poor strength 
at room temperatures and do not respond to heat treatment. They have high thermal stability 
and resistance to thermal ageing (Lütjering & Williams 2007). High temperature strength and 
creep resistance of alpha alloys make it highly suitable for aerospace applications (Boyer 1996). 
Contrary to alpha alloys, beta alloys can be heat treated to obtain high strengths. However, this 
can lead to loss of ductility and toughness. They have high stress corrosion resistance along 
with good cold rolling capabilities. They have good weldability; however, it may result in poor 
toughness and ductility (Leyens & Peters 2003). Alpha-Beta titanium alloys are produced by 
addition of α and β stabilizers. They have advantages of both alpha and beta alloys. They have 
high ductility, toughness, high temperature strength, tensile strength and fatigue resistance. 
Most important of alpha-beta alloy is Ti-6Al-4V, which has an operating temperature of 450°C. 
The mechanical properties of Ti-6Al-4V lie between that of alpha and beta alloys. They are 
highly weldable and provide significant weight savings compared to other materials (Lütjering 
& Williams 2007). Alpha-Beta alloys are the most widely used alloys of titanium. Ti-6Al-4V 
is known as the ‘workhorse’ as it constitutes about 60% of the total titanium products 
manufactured. It has good fatigue and fracture properties which can be further improved 
through heat treatments.  
Commercially pure titanium (α alloy) can be used in annealed condition for its high corrosion 
resistance and formability. It is generally used in non-structural applications. Moreover, it is 
also used in aerospace industry for manufacturing of fan blades, rotors and hydraulic pressure 
lines which operate at high pressure and temperature (Leyens and Peters 2003; Moiseyev 2005). 
α-β alloys are used in static and rotating components of gas turbines which have complex 
geometry. Airframes for aircraft along with other sections such as fuselage, landing gear, wings 
etc. are manufactured using the Ti-6Al-4V alloy (Moiseyev 2005; Boyer 1996). Beta alloys are 
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used for manufacturing of coil springs, landing gear springs, pedal-return springs etc. in 
aerospace industry.  
2.1.1 TI-6AL-4V 
As mentioned earlier, Ti-6Al-4V is one of the widely used titanium alloys. About 60% of the 
components manufactured using titanium are manufactured using this alloy. Its mechanical 
properties are shown in Table 2.1. It also has the perfect balance of other properties such as 
fracture toughness, creep characteristics, thermal processability and high temperature strength. 
Because of its high reliability and light weight, it is mainly used for production of airframes 
and turbine engine parts to reduce the fuel consumption. Additionally, it is also used in 
manufacturing engine components where operating temperatures are high. Due to its high 
reliability, corrosive resistance and high operating temperature, titanium alloy is used for 
manufacturing of rails, engine fan blades, casings etc. Hence, major factors that lead to adoption 
of Ti-6Al-4V for aerospace applications include weight savings, corrosion resistance and 
operating temperatures (Boyer 1996).  
Alloy Chemical 
Composition 
[wt. %] 
TB 
[ᵒC] 
Hardness 
[HV] 
E 
[GPa] 
YS 
[MPa] 
TS 
[MPa] 
Ti-6-4 Ti-6Al-4V 995 300-400 110-140 800-1100 900-1200 
Table 2.1 - Mechanical properties of titanium alloy Ti-6Al-4V 
2.2 MANUFACTURING OF TITANIUM COMPONENTS 
Titanium components are manufactured through various mechanical deformation processes like 
forging and rolling. Final shapes are obtained through additional mechanical processes such as 
drilling, turning, machining and rolling (Lütjering & Williams 2007). Forging of titanium alloys 
is done through hammers and large mechanical presses. For high performance applications, 
forging is done through press machines with high pressures as the flow stresses for titanium are 
significantly high. It uses open or close dies in multiple stages to obtain the final product. Strain, 
strain rate and temperature of the component are required to be closely monitored to achieve 
the required microstructure. Forging of Ti-6Al-4V is done at elevated temperatures of 660°C 
to 980°C. For aerospace applications, the forged components need to go through excessive 
machining. This can cause the final machined component to weigh less than 10% of the raw 
material consumed in manufacturing the product (Leyens and Peters 2003; Moiseyev 2005). 
This is due to inability in manufacturing the final shape of the component directly through 
forging, while maintaining the desired microstructure. Therefore, high costs involved in forging 
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of titanium components are due to (a) requirement of heavier forgings to create the outset for 
machining and (b) additional costs involved in removal of excess material from the forged part 
(Leyens & Peters 2003). Despite the high costs involved and need for close monitoring of 
various limiting parameters, forging is used for manufacturing of titanium components.  
Based on the workpiece temperature, forging process for titanium components are divided into 
two categories. In the first approach, the temperature of the workpiece is kept below the Beta 
Transus1 temperature. This approach is known as “conventional” or Alpha-Beta forging. In the 
second approach, the temperature of workpiece is kept above the beta transus temperature and 
is known as Beta forging.  
In Alpha-Beta forging approach, the temperature of the workpiece is kept well below the beta 
transus to preserve the alpha and the beta phases of the alloy. Forging at this temperature leads 
to formation of equiaxed macrostructure (Gaspar 2012; Lütjering & Williams 2007). This type 
of typical structure can be seen in Figure 2.1. The microstructure of the final product can be 
significantly altered through working due to relatively low temperatures. The components 
produced through this forging have optimized ductility and strength while retaining their fatigue 
properties.  
 
 
 
Figure 2.1 – Microstructure showing Equiaxed 
primary α in transformed β (α-β forging) 
(Gaspar 2012) 
 
Figure 2.2 – Microstructure showing 
Widmanstätten structure (β forging) (Gaspar 
2012) 
In the Beta forging approach, majority of the forging process is done at a temperature above the 
beta transus. However, during manufacturing of components, the last stage of forging is done 
at lower temperature than beta transus to obtain the desired microstructure. In this forging 
process, the effects from prior operations are diminished as the workpiece is heated over beta 
                                                 
1 The temperature at which Titanium transforms from Alpha form to Beta form 
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transus (Gaspar 2012; Lütjering & Williams 2007). The microstructure of component produced 
through beta forging consists of acicular α in a transformed β matrix. It is also known as 
Widmanstätten structure. This type of structure is shown in Figure 2.2. 
2.2.1 PROCESSING OF TITANIUM ALLOYS 
Different types of microstructures, such as lamellar, bimodal and equiaxed, can be obtained in 
α-β alloys based on the Thermo-Mechanical Process (TMP) used (Lütjering & Williams 2007). 
The thermo-mechanical processing routes used to obtain these structures are exhibited in Figure 
2.3.  
 
(a) 
 
(b) 
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(c) 
Figure 2.3 – Thermo-Mechanical Processing routes to obtain (a) Lamellar (b) Bi-Modal and (c) Equiaxed microstructures 
in α-β titanium alloy (Lütjering & Williams 2007) 
 
As observed, the process is divided into 4 different stages – Homogenization, Deformation, 
Recrystallization and Annealing. In homogenization stage, the material is heated till β transus 
temperature and allowed to cool with high cooling rate. This is usually done by quenching or 
forced fan cooling. The rate of cooling during this stage is critical as it determines the width of 
α lamellae within the microstructure. These newly developed α lamellae are then plastically 
deformed (not broken) in deformation stage through forging at β phase or α-β phase field 
temperatures depending on required size of β grains. The deformation performed in this stage 
is sufficient enough to introduce dislocations within the grain structure to obtain 
recrystallization of α and β phases during subsequent stages. In the recrystallization stage, the 
component is heated to β phase or α-β phase field and recrystallized grain structure is obtained 
by rapid or slow cooling. Here, the temperature plays a crucial role in determining the grain 
structure. The mechanism of recrystallization caused due to deformation is explained in later 
section 2.5. Annealing is then performed in the last stage to remove any residual stress from the 
system and achieve age hardening (Lütjering & Williams 2007; Kuhlman 2005). 
2.2.2 MANUFACTURING OF TI-6AL-4V 
As discussed in the earlier sections, Ti-6Al-4V is widely used for production of structural 
airframes, fan blades etc. These components are manufactured as single-piece using forging 
process. The entire process in carried out in multiple stages and excessive machining is required 
to obtain the final component.  
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Figure 2.4 – Centre titanium bulkhead frame for aircraft manufactured as a single component using mechanical forging and 
machining processes (Leyens & Peters 2003) 
Figure 2.4 exhibits one typical airframe manufactured for an aircraft using multiple forging and 
machining process (Leyens & Peters 2003). Although the final weight of the frame is just 150 
kg, nearly 3000 kg of raw material was consumed during manufacturing, which resulted into 
significantly high Buy-To-Fly (BTF) ratio of 20. This goes to show the extent of material 
wastage as well as the high costs involved in raw material and machining for forging of titanium 
components.  
However, titanium and its alloys are still used in manufacturing of various aircraft components. 
Major drawbacks associated with these conventional processes include high material costs, high 
material wastage, high production costs, production of large sized complex dies and excessive 
machining requirements. Because of these associated drawbacks, various efforts have been 
made in the recent years to address these issues by finding a more feasible alternative to 
conventional forging processes. There have been great developments through various high net 
shape manufacturing processes such as diffusion bonding, welding, powder metallurgy, casting 
and additive manufacturing. One such promising alternative is the process of Additive 
Manufacturing which is discussed in the following section.  
2.3 ADDITIVE MANUFACTURING  
Additive Manufacturing is defined as a manufacturing process wherein three-dimensional (3D) 
products are formed by progressive addition of thin layers of raw material. It facilitates 
manufacturing of complex customized parts without the need for special tooling. It overcomes 
the limitations of conventional manufacturing processes wherein intricate components can be 
manufactured as one-piece instead of an assembly. Moreover, it can also reduce the cost of 
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component through reduction in material wastage and time. Thus, Additive Manufacturing 
(hereby referred to as AM) has been widely adopted for manufacturing of high-performance 
components for automotive, medical as well as aerospace industry (Bandyopadhyay & Bose 
2016; Uhlmann et al. 2015).  
AM processes can be classified into two categories – Powder Bed Fusion and Direct Energy 
Deposition (Uhlmann et al. 2015; Dutta & Froes 2017). In Powder Bed Fusion method, the 
component is manufactured through horizontal layer building using a single metal. It is capable 
of manufacturing high precision components with complex structure. In this method, a layer of 
metal powder on the bed of the chamber is scanned using a heat source (electron beam or laser) 
which melts down the powder and binds it together.  Various processes such as Laser Melting, 
Selective Laser Melting, Selective Laser Sintering, Direct Metal Laser Sintering and Electron 
Beam Melting are based on Powder Bed Fusion.  
In Direct Energy Deposition method, components can be manufactured with high metal 
deposition rates compared to Powder Bed Fusion. Additionally, certain processes can also 
enable deposition of more than one metal to form the product. In this method, metal is injected 
to a melt pool created by concentrated laser or arc on the workpiece (Uhlmann et al. 2015). 
Various processes in this method include Direct Metal Deposition, Laser Engineered Net 
Shaping and Wire Arc Additive Manufacturing. Wire Arc Additive Manufacturing, in 
particular, has been viewed as highly feasible alternative to conventional forging of titanium 
components because of various advantages associated over other AM processes. 
2.3.1 WIRE ARC ADDITIVE MANUFACTURING 
In Wire Arc Additive Manufacturing (hereby referred as WAAM), layer is deposited by feeding 
wire along with an electric arc that acts as a heat source. WAAM system utilizes off the shelf 
welding equipment and wire feeder where motion is provided through computer-controlled 
motors and robotic systems (Bandyopadhyay & Bose 2016). The process is similar to Tungsten 
Inert Gas (TIG/GTAW) welding which comprises of Tungsten electrode that generates an arc 
between the electrode and workpiece. The feed wire is the consumable made of titanium alloy 
and is aligned co-axially with the tungsten electrode to facilitate ease in tool path (Williams et 
al. 2016). The process of WAAM is shown in Figure 2.5 and 2.6. The process is carried out in 
a protected atmosphere where argon is used as an inert gas to prevent the contamination of 
metal pool. The final component is obtained through deposition of overlapping beads/layers. 
Machining or grinding maybe required to obtain the final desired product.  
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Figure 2.5 – Figure illustrating the layer deposition process in Wire Arc Additive 
Manufacturing (McAndrew et al. 2018) 
 
Figure 2.6 – Steps involved in deposition process for Wire Arc Additive Manufacturing process 
(Shen 2016) 
The major advantage associated with WAAM is high metal deposition rate. The material usage 
efficiency is high as the feed wire is fed directly into the molten pool leading to no material 
wastage. Deposition rates of up to 1 kg/hr to 4kg/hr can be obtained through WAAM. Moreover, 
as the material loss is low due to its high usage efficiency, significant cost savings can be 
achieved. Due to the above-mentioned reasons, WAAM is considered as highly appealing 
alternative to produce medium to large scale titanium components (Williams et al. 2016).  
2.3.2 WAAM FOR TI-6AL-4V 
Martina et al. (2012) investigated and characterised the process of plasma wire deposition for 
AM of Ti-6Al-4V. In this process, Ti-6Al-4V is fed in the form of a wire to the arc generated 
between the workpiece and tungsten electrode, which melts it on the workpiece. The entire 
process is covered under an inert gas envelope which prevents oxidation as well as 
contamination from the surroundings. This process enables increased travel speeds as well as 
high quality layer deposition.  
Start
Pre-Welding gas 
flowing
Arc start Layer Deposition
Post Weld Gas 
Shielding
Finish
Cooldown to 
desired interpass
temperature
Start next layer
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WAAM process has various advantages that can address the drawbacks associated with 
conventional forging processes. However, due to repeated heating and cooling cycle that occurs 
during layer depositions in WAAM, the macrostructure of titanium components manufactured 
using Ti-6Al-4V alloy consists presence of large columnar β grains, which lead to directional 
dependence of physical properties - Anisotropy in the material (Wang et al. 2013). This 
macrostructure of WAAM component is different to the refined structures, seen in earlier 
section, obtained from forged titanium component. The components manufactured using 
WAAM have high strength, however, microstructure obtained is very brittle in nature (Uhlmann 
et al. 2015; Dutta & Froes 2017). This can lead to premature fracturing of the component. 
Furthermore, defects such as porosity, oxidation, distortion and cracks are also more likely to 
occur in the process. Although some of these defects can be controlled, brittle structure and 
anisotropy in the components due to presence of large columnar grains is highly undesirable 
and prevents wide scale industrial implementation of WAAM for manufacturing titanium 
components in aerospace industry. It is hence necessary to obtain improved macrostructure – 
as close to that of forged titanium component, to improve the properties and enable industrial 
implementation of WAAM for addressing the drawbacks associated with conventional forging 
processes.  
Problem Definition – Wire Arc Additive Manufacturing process of 
titanium alloy Ti-6Al-4V is a promising alternative to conventional 
forging of titanium components. However, the macrostructure of WAAM 
component consists presence of large columnar grains which leads to 
Anisotropy. Such a structure can be easily observed in Figure 2.7 where 
the grains have epitaxially grown from the base substrate all the way to 
the top layer (Martina, Filomeno et al. 2015). Hence, it is highly 
undesirable to have large columnar grains in the components as it 
significantly compromises the properties and prevents industrial 
implementation of WAAM in production of titanium components for 
aerospace industry. Therefore, is it essential to minimize the presence 
of columnar grains in the macrostructure to enable industrial 
implementation of WAAM for manufacturing of Ti-6Al-4V aerospace 
components.  
Figure 2.7 - Microstructure 
of Ti-6Al-4V component 
manufactured using WAAM 
showing presence of large 
columnar grains (Martina, 
Filomeno et al. 2015) 
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2.4 GRAIN REFINEMENT  
Mechanical properties of metals such as anisotropy are significantly affected by the 
macrostructure and microstructure - size of grains in the component. Reduction in grain size 
can lead to increase in the yield strength, tensile strength and fatigue strength. Moreover, 
hardness as well as the machinability of the metal is also affected by change in grain size 
(Herring 2005). Metals with fine grain structure have less tendency to form cracks under 
fatigue.  Additionally, reduction in grain size also promotes high fatigue resistance, shock 
resistance and toughness of the metal (Herring 2005). 
There is a direct relationship between the grain size of titanium and its mechanical properties. 
Increase in grain size of titanium alloy leads to decrease in hardness, yield strength and strength 
coefficient (Jiang & Huang 2015). Whereas, reduction in grain size is associated with increase 
in strength characteristics (Salishchev & Mironov 2001). Moreover, it also leads to reduction 
in strain hardening. Hence, grain refinement can lead to reduction of long grains, thereby 
eliminating anisotropy, and improving other properties of Ti-6Al-4V components manufactured 
through WAAM. Grain refinement can be achieved through various processes such as heat 
treatment, chemical addition and plastic deformation. Efforts made by various researchers for 
grain refinement of titanium alloys are further discussed in this section.  
2.4.1 HEAT TREATMENT 
Research in the field has revealed that properties of Ti-6Al-4V components manufactured 
through AM processes can be improved through various heat treatments. Heat treatment of 
Electron Beam melted Ti-6Al-4V component at various temperatures can improve the strength 
and ductility of the component (Formanoir et al. 2017). Furthermore, heat treatment of Ti-6Al-
4V components at higher sub-beta transus temperature can lead to α grain enlargement (Ter 
Haar; Becker & Blaine 2016) resulting to decrease in strength. However, the ductility of 
component can be improved. Additionally, effects of heat treatment on Ti-6Al-4V components 
manufactured using WAAM were also investigated by Bermingham et al. (2018) wherein it 
was established that high temperature annealing causes coarsening of microstructure and 
reduces the overall strength in the component by around 6%. Improvement in strength of 
component can also be successfully achieved by solution treatment and ageing. However, 
ductility gets compromised by 30% during the process. Stress relieving at 412ᵒC for 2 hours 
results in 30% increase in ductility without coarsening of grains within the microstructure. 
However, no refinement of columnar β grains can be achieved through heat treatment process.  
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2.4.2 CHEMICAL ADDITIVES  
Effects of addition chemical additives such as boron were investigated by Bermingham et al. 
(2015) to achieve grain refinement of Ti-6Al-4V manufactured using WAAM process. Boron 
was added with Ti-6Al-4V feed wire through coating on previously deposited layer before 
addition of subsequent layer. The specimens were also subjected to heat treatment for stress 
relieving. It was discovered that addition of trace boron – 0.13 wt.% had significant influence 
on the microstructure of component. Refinement of columnar grain width occurred due to 
addition of boron in the microstructure, however, columnar grains were still prevalent which 
hindered the development of desired equiaxed grain structure. The process was effective in 
obtaining homogenous α structure in the component. Moreover, addition of trace boron 
improved the strength as well as ductility of the component by 10% and 40% respectively.  
Furthermore, grain refinement of additive layer manufactured Ti-6AL-4V was also investigated 
by Mereddy et al. (2017) through addition of silicon in the manufactured components. Silicon 
was alloyed with the wire feed for homogenous deposition. Like boron, silicon was effective in 
refining the columnar grain width in the microstructure of Ti-6Al-4V. It was also discovered 
that increase in addition of silicon results in reduction of grain size. However, the development 
of large columnar grains was still an issue. It was also noted that addition of chemicals led to 
minor changes in chemical composition and properties of WAAM component.  
2.4.3 PLASTIC DEFORMATION 
Properties such as microhardness and tensile strength have been successfully improved in the 
past through application of Multi Directional Isothermal Forging (MDIF). This can be achieved 
through development of globalized homogenous microstructure using a three-step isothermal 
forging process for Ti-6Al-4V (Zhang et al. 2017). Plastic deformation of Ti-6Al-4V at room 
temperature causes hardening phenomena due to which strain hardening increases with 
increasing deformation and leads to reduction in grain size. Hence, heat treatments are often 
required to address such issues. Additionally, increase in deformation also leads to grain 
fragmentation and distortion (Kulkarni et al. 2018). Thus, grain refinement can be achieved 
through various conventional methods of mechanical working such as rolling and forging.  
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2.4.4 INTERPASS ROLLING OF WIRE ARC ADDITIVELY MANUFACTURED TI-
6AL-4V 
 
Figure 2.8 – Apparatus for Interpass rolling of Wire Arc Additively Manufactured components showing roller with a load cell 
performing rolling process immediately after layer deposition (Martina et al. 2015) 
Previous attempts have been made by Martina et al. (2015) to improve the mechanical 
properties by refining the microstructure of Ti-6Al-4V components manufactured through 
WAAM. The effects of high pressure interpass rolling were explored in the study. The setup of 
the apparatus can be seen in Figure 2.8. High pressure rolling was used to plastically deform 
the deposited layer which resulted into plastic stretching and reduction of grain size in the 
component. Rolling process was performed after deposition of each layer at room temperature 
with high force of 50 kN and 75 kN. Deformation caused due to such high force rolling led to 
significant reduction in grain size. As a result, the microstructure in the final component shifted 
from coarse columnar to equiaxed as seen in Figure 2.9. Additionally, Widmanstätten 
microstructure was also obtained. The level of grain refinement which can be achieved using 
interpass rolling was significantly affected by the applied rolling load and the deformation 
obtained in each deposited layer.  
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Figure 2.9 - High magnification image of rolled Ti-6Al-4V WAAM component showing transformation of large columnar grains 
to equiaxed grains due to deformation achieved during Interpass rolling process (Martina et al. 2015) 
Extending this work further, Donoghue et al. (2016) explored the effect of strain (deformation) 
distribution on the grain refinement of Ti-6Al-4V components manufactured by WAAM 
process. It was discovered that application of higher rolling load leads to increase in grain 
refinement. Strain levels of 8% and 19% can result into highly refined, non-columnar, grain 
structure of Ti-6Al-4V manufactured through WAAM process. Rolling of individual layers 
with moderate deformation can prevent the development and re-growth of coarse columnar 
grains. It was concluded that rolling of individual layers, after deposition, with low strain levels 
up to 19% can effectively reduce the grain size and prevent the formation of coarse columnar 
grains in the microstructure. 
However, major drawbacks associated with this process include manufacturing of complex 
shaped components where the geometry is not particularly linear. The additional load cell as 
well as heavy duty roller with 50 kN and 75 kN force was also required in this process. Due to 
these associated drawbacks, industrial implementation of interpass rolling process was difficult.  
2.5 EFFECTS OF PLASTIC DEFORMATION ON GRAIN STRUCTURE 
Plastic deformation due to forging process introduces strain energy within the grain matrix in 
the form of dislocations and makes the system thermodynamically unstable. When the material 
is heated after deformation, system tends to reduce the introduced strain energy by removing 
the dislocations from the structure. This is achieved thorough recovery, recrystallization and 
grain growth (ASM Handbook 2005).  
2.5.1 RECOVERY 
The strain energy stored within the system can be partially reduced by Recovery. During 
recovery, rearrangement of dislocations leads to formation of Low Angle Grain Boundary 
  Grain Refinement of Titanium alloy – Ti-6Al-4V manufactured by WAAM 
 
Sozaf AMIRI  19 
(LAGB) wherein sub-grains are developed (Huang & Logé 2016). Moreover, dislocations of 
opposite signs are annihilated. Recovery can be classified into Static and Dynamic recovery. 
Static Recovery (SRV) occurs at annealing stage whereas Dynamic Recovery (DRV) occurs 
during the deformation stage. Homogenous microstructural changes can also be observed 
within the grain structure during recovery (Trump 2017). However, it does not involve 
migration of High Angle Grain Boundary (HAGB) within the deformed grains. 
2.5.2 RECRYSTALLIZATION   
The stored strain energy from deformation acts as a driving force for migration and formation 
of High Angle Grain Boundary (HAGB) which leads to development of new grain structure 
within the deformed structure. This process where new grains are developed is called 
Recrystallization (Doherty et al. 1997). HAGBs are formed when the misorientation angle of 
accumulated LAGB has reached a critical value of 15ᵒ. The new grain structure formed consists 
of strain-free grains and may occur with nucleation and growth stages. Various structures such 
as lamellar and equiaxed can be obtained. Substantial grain refinement can be achieved due to 
formation of new grain structure during the recrystallization process. Based on the temperature, 
recrystallization process can be classified as Static and Dynamic Recrystallization (Doherty et 
al. 1997). Static recrystallization (SRX) refers to the recrystallization process that occurs during 
annealing, whereas Dynamic recrystallization (DRX) is defined as recrystallization that occurs 
at elevated temperatures.  Furthermore, based on mechanism, SRX and DRX can be further 
classified as Discontinuous and Continuous recovery. Discontinuous SRX (DSRX) occurs due 
to static recovery wherein strain-free nuclei grow within the strain hardened matrix. Continuous 
SRX (CSRX), on the other hand, occurs when new grain structure is formed without clear 
nucleation - growth stage and LAGB is transformed to HAGB leading to uniform grain 
structure. Discontinuous DRX (DDRX) occurs due to dynamic recovery wherein strain-free 
grain nuclei grow over the regions of dislocations. Continuous DRX (CDRX) occurs at higher 
deformations wherein LAGB formed during deformation gets evolved to HAGB. This kind of 
mechanism is observed during forging of α-β titanium alloys (Zherebtsov, Salishchev & 
Galeyev 2001). There are various factors that influence DRX such as – Stacking Fault Energy 
(SFE), Initial grain size, Thermo-Mechanical Process (TMP) and presence of second phase 
particles (Huang & Logé 2016). Hence, recrystallization occurring from various mechanisms 
can lead to development of new strain-free grains with new orientations and a highly refined 
grain structure.  
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2.5.3 GRAIN GROWTH 
Annealing of deformed components after recrystallization causes increase in size of developed 
grains due to migration of grain boundaries. This process is known as Grain Growth (Huang & 
Logé 2016). Due to constant specimen volume, this grain growth results in shrinking and 
annihilation of other grains which leads to reduction in number of overall grains. This grain 
growth occurs due to presence of grain boundary free energy within the new refined structure 
(Doherty et al. 1997). It is highly undesirable as it leads to formation of large grains and affects 
mechanical properties. Based on grain growth behaviour, grain growth is classified as 
Discontinuous and Continuous grain growth. Discontinuous grain growth is also known as 
secondary recrystallization wherein normal growth during recrystallization is inhibited and the 
grains are later developed disproportionately during annealing at high temperatures (ASM 
Handbook 2005). This type of grain growth consists of nucleation and growth stages as typical 
with primary recrystallization. Continuous grain growth occurs during annealing process 
wherein the average grain size is increased. Additionally, the shape and size distribution after 
the growth varies by a scale factor. Hence, further annealing at high temperature is highly 
undesirable after primary recrystallization as it causes grain growth which leads to formation 
of large size grains and secondary recrystallization that has the potential to annihilate the refined 
structure obtained during primary recrystallization. 
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2.6 SUMMARY OF LITERATURE REVIEW  
Due to properties such as corrosion resistance, high temperature strength and less weight, 
titanium and its alloys are widely used for aerospace applications. They are manufactured 
through forging process, where the final product is achieved in various stages and extensive 
machining is required. Due to this extensive machining, the material wastage can be substantial 
and hence, the cost incurred in manufacturing final product are significantly high. However, 
forging of titanium and its alloy produces fine grains with refined microstructure which results 
in desired properties that enable its application in aerospace industry.  
Recently, Additive Manufacturing methods have developed and are viewed as potential 
alternatives to manufacture titanium alloy components. Specifically, Wire Arc Additive 
Manufacturing enables high deposition rates, low costs and reduced material wastage. 
Moreover, medium to large scale products can be easily manufactured through this process. 
However, the physical properties of components manufactured through WAAM are directional 
dependent - Anisotropic. This is due to the presence of undesirable macrostructure in the 
components produced through WAAM wherein large columnar grains are developed leading 
to inferior and directional properties in the component.  
Various attempts have been made to minimize the development of this undesirable 
macrostructure – presence of large columnar grains. These include addition of chemical 
additives, such as silicon and boron, for achieving grain refinement. Although partially 
successful in achieving grain width refinement, addition of these chemical additives results in 
alteration of chemical composition and properties of the final component. Furthermore, novel 
method of interpass rolling was also highly effective where grain refinement is achieved 
through deformation resulted from rolling process. However, due to inherent drawbacks such 
as shape limitations, requirement of heavy-duty high force roller made the industrial 
implementation of the process difficult.  
Hence, building on the mechanism of plastic deformation to achieve grain refinement in 
interpass rolling method, this thesis aims to explore and investigate the feasibility of achieving 
grain refinement through a more viable hammer forging process for titanium alloy Ti-6Al-4V 
manufactured using Wire Arc Additive Manufacturing. Forging is performed through hammers 
in conventional thermo-mechanical manufacturing process which causes plastic deformation 
and forms desired refined grain structure. Effects of similar mechanism on grain structure of 
Ti-6Al-4V produced using WAAM are investigated to achieve grain refinement and exploit 
advantages of low material wastage and manufacturing costs associated with WAAM.  Hence, 
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hammer forging process is implemented to achieve plastic deformation and grain refinement in 
WAAM components. Additionally, the drawbacks of high-force heavy duty roller and shape 
limitations associated with interpass rolling method can also be addressed through this novel 
approach. If effective, this novel approach can lead to establishment of a feasible alternative for 
achieving grain refinement and enable industrial implementation of WAAM for production of 
Ti-6Al-4V components in aerospace industry.  
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3 RESEARCH METHODOLOGY 
3.1 OVERVIEW 
As discussed in earlier section 2.4.4 Interpass rolling of Wire Arc Additively Manufactured Ti-
6Al-4V, deformation of grains through rolling has significant impact on grain structure of Ti-
6Al-4V components. However, manufacturing flexibility of components that can be 
manufactured using interpass rolling is limited to linear shape. Complex shaped components 
cannot be easily rolled, and high force heavy-duty roller is required for the process. As 
established in section 2.4.3 Plastic Deformation, various process such as hammer forging can 
introduce plastic deformation to achieve grain refinement, which exhibits higher flexibility. 
Hence, the feasibility of hammer forging process for achieving grain refinement through plastic 
deformation in Ti-6Al-4V components manufactured using WAAM is investigated in this 
thesis. This is achieved by investigating the effects of hybrid AM + forging and deformation 
rates on the macrostructure of Ti-6Al-4V components manufactured using WAAM process. 
“Investigate the feasibility of ‘Hybrid AM + forging’ process for achieving grain 
refinement of Ti-6Al-4V components manufactured using Wire Arc Additive Manufacturing 
(WAAM)” 
The term Hybrid AM + forging is coined and referred to the process of hammer forging in-
between WAAM deposition of each individual layers. The feasibility of hammer forging for 
achieving grain refinement in Ti-6Al-4V components was initially explored by manufacturing 
hybrid AM + forged samples at room temperature. After detailed observation and examination, 
the issues faced during hybrid AM + forging at room temperature were addressed by performing 
experiments to investigate the effects of high temperature hybrid AM + forging. Later, after 
analysing and comparing the samples, new set of experiments were preformed to manufacture 
samples using an improved hybrid AM + forging process at room temperature. The 
methodology involved throughout the entire process is extensively discussed in this section. 
3.2 MATERIAL  
Specimens were prepared by deposition of Ti-6Al-4V alloy feed wire on a base plate. The 
substrate base plate used for feed wire deposition was also made from wrought Ti-6Al-4V. The 
composition of feed wire used during the manufacturing of samples is outlined in Table 3.1. 
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 Al V B N O C Ti 
Ti-6Al-4V 6.21 4.08 <0.0005 0.021 0.095 0.023 bal. 
Table 3.1 - Chemical composition of feed wire titanium alloy – Ti-6Al-4V (wt.%) used for manufacturing samples in 
Wire Arc Additive Manufacturing process 
3.3 WAAM  
Wire Arc Additive Manufacturing machine was used to deposit Ti-6Al-4V feed wire on base 
substrate plate. The apparatus consisted of a TIG welding torch mounted on a 3-axis CNC table 
where the material was consistently deposited on the substrate using an automatic wire feeder. 
Contamination during melting of weld pool was kept to a minimum by using a high purity argon 
trailing shield. EWM Tetrix350 was used as the power source for the welding torch. General 
conditions used for generation of specimens are given in Table 3.2.  
WAAM MACHINE PARAMETERS 
Electrode Tungsten 
Welding Current 113 A 
Distance between electrode and base plate 5 mm 
Feed wire material Ti-6Al-4V 
Base substrate plate material Ti-6Al-4V 
Feed Wire diameter 1 mm 
Wire feed rate 2.5 – 3 m/min 
Deposition feed 200 mm/min 
Inert gas Argon 
Table 3.2 – WAAM parameters and feed rates used during manufacturing of specimens 
 
Multiple layers of Ti-6Al-4V were deposited on top of each other to form a wall. Each layer 
was deposited by moving the TIG welding torch in linear direction. These specimens were 
approximately 8-10 cm long. The arc between the torch and substrate surface would melt the 
metal and create a molten pool where the feed wire was fed. Subsequent layers were then 
deposited over the previously deposited layer (after various hybrid AM + forging treatments) 
by adjusting height of the torch. Each specimen comprised of at least 4 deposited layers, unless 
stated otherwise in later sections. Apparatus used can be seen in Figure 3.1.  
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Figure 3.1 - WAAM apparatus showing CNC table, tungsten electrode and wire feed used for manufacturing of Ti-6Al-4V 
specimens 
3.4 HYBRID AM + FORGING 
3.4.1 ROOM TEMPERATURE HYBRID AM + FORGING 
In order to investigate the effect of hammer forging on microstructure of Ti-6Al-4V 
components manufactured using WAAM process, an alternative novel approach was adopted.  
“Investigate the effects of Room Temperature Hybrid AM + forging process and 
deformation rates on macrostructure of Ti-6Al-4V components manufactured using Wire 
Arc Additive Manufacturing (WAAM)” 
This approach consisted of achieving deformation through hammer forging after WAAM 
deposition of each individual layer. After initial deposition, each layer was hammer forged and 
deformation was introduced in the deposited layer. The deposited layer was then allowed to 
naturally cool below 200ᵒC temperature before forging was performed. The height of layer was 
measured before and after the forging process to calculate the deformation levels. The 
subsequent layer was then deposited on the forged layer and the process was repeated. This 
entire process of hammer forging in-between deposition of individual WAAM layers is termed 
as “Hybrid AM + forging”. Multiple specimens were manufactured and analysed using this 
process to investigate the effect of hammer forging. Each specimen comprised of 5 individual 
layers wherein 4 layers were forged, and the last layer was left untreated. Information pertaining 
to deposition and deformation levels for one such sample can be seen in Table 3.3.  
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Layer Layer Thickness 
before 
Deformation 
(mm) 
Layer Thickness 
after 
Deformation 
(mm) 
Change in 
Layer 
Thickness – 
ΔT 
(mm) 
Deformation 
(%) 
1 3 2.4 0.6 20 
2 2.6 2.2 0.4 15.38 
3 2.7 2.3 0.4 14.81 
4 2.7 2.3 0.4 14.81 
5 2.4 - - - 
Table 3.3 – Deformation levels at individual layers obtained while hybrid AM + forging of Ti-6Al-4V at RT 
 
During execution of experiments for room temperature Hybrid AM + forging, it was observed 
that deformation levels up to 15% could be achieved. Higher deformation levels of 19% for 
every deposited layer - as deemed necessary to achieve grain refinement in interpass rolling, 
was difficult to achieve because the alloy was cold and hence difficult to forge. Thus, to further 
investigate the effects of hybrid AM + forging with higher deformation levels, further 
experiments were performed.  
3.4.2 HIGH TEMPERATURE HYBRID AM + FORGING 
As mentioned previously in section 1.8.4 Interpass rolling of Wire Arc Additively Manufactured 
Ti-6Al-4V components, 19% strain levels are required for effective reduction of grain size and 
preventing formation of columnar grains. Strain levels of 16% were achieved through room 
temperature hybrid AM + forging which validated the feasibility of Hybrid AM + forging for 
achieving grain refinement of Ti-6Al-4V. Hence, efforts were focussed on achieving higher 
deformation levels to achieve uniform and consistent grain refinement throughout the 
specimen. This was investigated through High Temperature Hybrid AM + forging. As 
discussed in section 2.2 Manufacturing of Titanium Components, conventional forging of 
titanium components is performed at elevated temperatures (650-950ᵒC) to achieve desired 
refined microstructure. Hence, it was decided for WAAM specimens to be subjected to high 
temperatures while hybrid AM + forged to make the structure soft and achieve higher 
deformation levels of 20%. The process for high temperature hybrid AM + forging is explained 
below.  
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“Investigate the effects of High Temperature Hybrid AM + forging process and 
deformation rates on macrostructure of Ti-6Al-4V components manufactured using Wire 
Arc Additive Manufacturing (WAAM)” 
After initial deposition of Ti-6Al-4V layer on substrate base plate, the specimen was heated to 
high temperature. The oven used for heat treatment was preheated for 3 hours prior to the 
experiment. The specimen was heated to achieve various temperatures, and forging was 
performed on the specimen immediately after the heating process and deformation was 
obtained. The specimen was then allowed to naturally cool down. Measurements were taken 
before and after the forging process to calculate the deformation rates at each layer. After 
cooling, subsequent layer was deposited on the previously forged layer and the entire process 
was repeated. Out of all the specimens manufactured using high temperature hybrid AM + 
forging process, the information pertaining to three specimens, each heated at 650ᵒC, 750ᵒC 
and 850ᵒC respectively is shown in Table 3.4.  
Temperature 
(ᵒC) 
Layer Layer 
Thickness 
before 
Deformation 
(mm) 
Layer 
Thickness 
after 
Deformation 
(mm) 
Change in 
Layer 
Thickness – 
ΔT 
(mm) 
Deformation 
(%) 
650 
1 3.5 3 0.5 14.28 
2 2.6 1.9 0.7 26.92 
3 2.5 2 0.5 20 
4 2.5 2.1 0.5 20 
5 2 - - - 
 
750 
1 3.9 2.8 1.1 28.20 
2 2.3 1.5 0.8 34.78 
3 2.5 1.7 0.8 32 
4 2.5 2 0.5 20 
5 2.1 - - - 
 
850 
1 3.9 2.9 1 25.64 
2 2.9 1.7 1.2 41.37 
3 2.7 2.1 0.6 22.22 
4 2.8 1.8 1 35.71 
5 2.9 - - - 
 
Table 3.4 – Deformation levels at individual layers obtained after heating Ti-6Al-4V specimen at different temperatures 
during hybrid AM + forging 
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During execution of experiments for high temperature hybrid AM + forging, it was observed 
that the metal became relatively soft after heating. This led to increased workability and made 
the forging process easier. Due to better forging and softening of specimen, high deformation 
rates were achieved at each individual layer.  
3.4.3 IMPROVED ROOM TEMPERATURE HYBRID AM + FORGING 
For successful industrial implementation of WAAM process, it is preferred that the new 
method/process/technique is easily adaptable to existing apparatus and does not require any 
additional setup. Heating the specimens to perform hot forging is hence not desirable as it would 
lead to addition of heating process in manufacturing cycle. Moreover, it will also increase the 
time required in manufacturing the component. As such, it would be highly beneficial to achieve 
grain refinement at room temperature and eliminate the need for heating. Additionally, as 
mentioned in later section 4.3, the drawbacks associated with high temperature hybrid AM + 
forging were also needed to be addressed in order to maintain the level of grain refinement 
achieved in previously deposited layers. Hence, efforts were made to improve the process 
parameters involved in the WAAM process to optimize heat development during layer 
deposition and to achieve uniform deformation throughout the deposited layer.  
“Investigate the effects of Improved Room Temperature Hybrid AM + forging process 
and deformation rates on macrostructure of Ti-6Al-4V components manufactured using 
Wire Arc Additive Manufacturing (WAAM) process” 
The heat input to the system was optimized by reducing the welding current used in layer 
deposition. Additionally, wire feed rates and deposition rates were also adjusted to the new 
parameters. Several trials were performed using various combination of these parameters and 
the effects on microstructure were analysed. The optimum range of parameters that resulted in 
development of the most refined microstructure are exhibited in Table 3.5.  
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WAAM MACHINE PARAMETERS 
 OLD IMPROVED 
Electrode Tungsten Tungsten 
Welding Current 113 A Variable 
Distance between electrode 
and base plate 
5 mm 5mm 
Feed wire material Ti-6Al-4V Ti-6Al-4V 
Base plate material Ti-6Al-4V Ti-6Al-4V 
Feed Wire diameter 1 mm 1 mm 
Wire feed rate 3 m/min 1-1.5 m/min 
Deposition feed 200 mm/min 95 mm/min 
Inert gas Argon Argon 
Table 3.5 – Optimized WAAM parameters to reduce the heat input in Ti-6Al-4V specimen during 
subsequent layer depositions 
 
Additionally, Table 3.6 represents the welding current values during the deposition of each 
individual layer. It can be observed that the current values are reduced as the number of layer 
deposition progresses. This leads to significant decrease in the heat generated by the arc during 
the layer deposition.  
WELDING CURRENT 
Layer 
Welding Current 
(A) 
1 100 
2 95 
3 90 
4 85 
Table 3.6 – Optimized welding current 
while deposition of each layer 
The specimens were manufactured using the above-mentioned parameters and a specialized rig 
was used for performing Hybrid AM + forging process at room temperature. This rig (jig) 
consisted of a workpiece holder and a tool guide to perform hammer forging. Linear feed was 
provided to the specimen placed underneath the hammer to achieve uniform and consistent 
deformation using hammer forging process. Relevant information pertaining to deformation 
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levels for each deposited layer in one such specimen can be seen in Table 3.7. Four layers were 
deposited in the specimen wherein the last layer was left untreated.  
Layer Layer Thickness 
before 
Deformation 
(mm) 
Layer Thickness 
after 
Deformation 
(mm) 
Change in 
Layer 
Thickness – 
ΔT 
(mm) 
Deformation 
(%) 
1 2.7 1.7 1 37.03 
2 2.7 2 0.7 25.92 
3 2.5 1.4 1.1 44 
4 2.2 - - - 
Table 3.7 – Deformation levels obtained at room temperature while hybrid AM + forging of Ti-6Al-4V with 
improved parameters 
 
During execution of these experiments, it was observed that the improved parameters and 
process setup resulted in less heat generation as well as high deformation rates were achieved 
at each layer even at room temperatures.  
After manufacturing the hybrid AM + forged components, the specimens were cut and mounted 
for grinding and polishing purposes.  
3.5 METALLURGICAL SPECIMEN PREPARATION  
3.5.1 SPECIMEN CUTTING 
Cross-sectional sections of approximately 3mm thickness from specimens were cut using 
Struers Discotom-6 Water Cooled Cut-Off Wheel. Struers Cut-Off wheels of grade 20S25 were 
utilized for the cutting of specimens. The cut sections were taken from the centre of the 
deposited layer. For examination under optical microscope, these sections were mounted into 
MultiFast resin after cutting. 
3.5.2 MOUNTING 
Sections from different specimens were separately mounted on MultiFast resin using Struers 
CitoPress-30. The apparatus was facilitated with an in-built hot mounting application guide that 
was used to select the resin type and configure necessary parameters.  
Figure 3.2 shows one of the mounting press in Struers CitoPress-30. Struers AntiStick powder 
was used at the base before placing the samples to avoid sticking of the hot resin with the ram 
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of mounting press. The samples were then placed atop the ram and allowed to be lowered. 45mL 
of MultiFast resin was then poured as per recommendation from the equipment guide.  
 
 
 
Figure 3.2 – Struers 
CitoPress-30 mounting press 
 Figure 3.3 – Mounted 
specimen block with 
engraved number for easy 
identification 
Pre-loaded MultiFast program was selected which applied maximum pressure of 250 bar at a 
temperature range of 160-180 ᵒ C. Cure time of approximately 7 minutes was required, of which, 
3 minutes were required to cool the sample block inside the press. Figure 3.3 shows a sample 
block prepared using the Struers CitoPress-30 which was labelled using an engraver to facilitate 
traceability and prevent mixing of samples. Standard metallographic procedures for mechanical 
grinding and polishing were then employed to grind and polish the samples.  
3.5.3 GRINDING  
Grinding of samples was performed in 2 stages – Rough grinding and Fine Grinding. The 
equipment used for this purpose was Struers TegraPol-31.  
Rough grinding was performed on the samples to produce a flat surface. Additionally, it also 
removed any harmful effects on the surface involved in previous cutting operations. This was 
done using abrasive discs which used Silicon Carbide as cutting media. Grit size of 120 and 
320 were used during rough grinding. Abrasive disc papers were mounted on rotating discs 
while the samples were loaded into sample holding disc. Due care was also taken to prevent 
overheating and work hardening of sample surfaces by ensuring sufficient supply of coolant 
and utilizing fresh Silicon Carbide disc papers. The parameters associated with rough grinding 
process are exhibited in Table 3.8.  
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Sequence Abrasive Coolant Disc 
speed 
(RPM) 
Sample 
holder speed 
(RPM) 
Load (N – 
per 
specimen) 
Time 
(m) 
1 
Silicon Carbide 
– 120 grit 
Water 240 240 20 2 
2 
Silicon Carbide 
– 320 grit 
Water 200 200 15 1.5 
Table 3.8 – Parameters used during rough grinding of specimens for microscopic observation 
 
Fine grinding was then performed after rough grinding using Silicon Carbide disc papers with 
grit size of 640 and 1200. In-between grinding cycles, the samples were cleaned using detergent 
and running water to prevent contamination and formation of fine scratches. The parameters 
associated with fine grinding process can be seen in Table 3.9. 
 
Sequence 
(cont.) 
Abrasive Coolant Disc 
speed 
(RPM) 
Sample 
holder speed 
(RPM) 
Load (N – 
per 
specimen) 
Time 
(m) 
3 
Silicon Carbide 
– 640 grit 
Water 150 150 15 1.5 
4 
Silicon Carbide 
– 1200 grit 
Water 150 150 15 1.5 
Table 3.9 – Parameters used during fine grinding of specimens for microscopic observation 
 
The samples were immersed in water after grinding to avoid drying of surface. Furthermore, 
equipment was washed after every grinding cycle to prevent contamination leading to formation 
of scratches on the sample surface.  
3.5.4 POLISHING 
After grinding of samples, polishing is the most critical step wherein sample surfaces are further 
refined and the damages incurred during grinding can be removed. Polishing was performed on 
Struers TegraPol-31 with neoprene MD Chem polishing cloth which was magnetically adhered 
to the rotating disc.  
Struers OP-S standard colloidal silica suspension agent was used for final polishing of samples. 
Hydrogen Peroxide with 30% concentration was used as a chemical reagent and mixed with 
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Struers OP-S in ratio of 1:4 (Hydrogen Peroxide: OP-S) to create the polishing mixture. 
Approximately 10 mL of mixture was prepared for each polishing cycle. Before starting the 
polishing process, MD Chem cloth was thoroughly cleaned using detergent, water and brush to 
remove any suspending particles and dust.  
Abrasive Coolant Disc 
speed 
(RPM) 
Sample 
holder 
speed 
(RPM) 
Load (N – 
per 
specimen) 
Time 
(m) 
MD Chem cloth with 
OP-S silica suspension 
and Hydrogen Peroxide 
mixture 
Water 150 150 15 10 
Table 3.10 - Parameters used during fine polishing of specimens using silica suspension for microscopic 
observation 
 
The parameters used during the polishing process can be seen in Table 3.10. After thorough 
cleaning of MD Chem cloth, it was lubricated using approximately 1mL of prepared polishing 
mixture. After commencing the polishing cycle, the MD Chem cloth was sprayed with polishing 
mixture and distilled water. At an interval of every 40 seconds, 1mL of polishing mixture was 
sprayed and distilled water was liberally added as and when required. This process was repeated 
for 6 minutes and the surface of samples were examined. Based on examination, it was 
determined if further polishing was required. After achieving satisfactory surface finish, the 
samples were thoroughly cleaned for 4 minutes using soap and water to remove residual 
polishing mixture and suspension particles from the surface. The samples were then allowed to 
dry using a heater to remove any residual moisture. Drying of samples was then followed by 
etching.   
3.5.5 ETCHING 
To examine the developed microstructure under an optical microscope, etching of polished 
samples was carried out to create contrast and distinguish various microstructural features 
within the sample. Kroll’s reagent was used to etch titanium samples as recommended in ASTM 
E407-07e1. The composition for the etchant consisted of 92.82% water, 6.11% Nitric acid and 
1.07% Hydrofluoric acid. The samples were exposed to etchant for approximately 20 seconds 
before cleaning them under distilled running water. Thin oxide film was developed, after 
etching, on the samples revealing shape and size of grain boundaries, cracks, contamination etc. 
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Due care was taken to prevent any contamination and formation of scratches during the entire 
process.  
3.5.6 OPTICAL MICROSCOPY 
Examination of microstructural features such as presence of columnar grains and grain 
boundaries was performed using an optical microscope. The apparatus comprised of Reichert-
Jung Polyvar MET Optical Microscope mounted with Canon EOS 5D Mark II camera to 
capture microstructural images. The setup was preferred as it provided adequate resolution and 
ease of operation.  
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4 RESULTS AND DISCUSSION 
4.1 CONTROL SPECIMEN  
Control Specimen – Untreated 
  
Figure 4.1 – Macrostructure of WAAM produced control specimen (Ti-6Al-4V) showing presence of large columnar grains 
developing epitaxially from base substrate plate 
 
 
Figure 4.2 – Microstructure of WAAM produced control 
specimen (Ti-6Al-4V) showing absence of grain boundaries 
at high magnification due to presence of large columnar 
grains in the macrostructure 
 
The cross-sectional microstructure and macrostructure of a control “as-built” specimen made 
from titanium alloy Ti-6Al-4V using WAAM are represented in Figure 4.1 and 4.2. As typical, 
the macrostructure exhibits the development of large columnar β grains within the specimen. 
These columnar β grains, vertical light and shaded stripes, are developed epitaxially during 
solidification from the base substrate plate (wrought Ti-6Al-4V). The direction of growth of 
columnar grains was perpendicular to substrate plate, towards the top deposited layer of the 
specimen, in the direction opposite to heat flow. Development of this macrostructure is a result 
of complicated rapid heating and cooling process involved in the WAAM process (Wang et al. 
2013). The macrostructure developed is governed by multiple factors such as peak temperature, 
exposed time and cooling rates during multiple deposition of Ti-6Al-4V layers.  Also, no 
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presence of grain boundary was observed at high magnification levels, refer Figure 4.2, which 
is due to the presence of large columnar grains in the macrostructure. 
4.2 ROOM TEMPERATURE HYBRID AM + FORGING 
Room Temperature Hybrid AM + Forged Specimen 
  
Figure 4.3 – Macrostructure showing partially refined grains in Room Temperature Hybrid AM + Forged specimen (Ti-
6Al-4V) 
  
Figure 4.4 – Microstructure showing presence of grain boundaries after partial grain refinement in Room Temperature 
Hybrid AM + Forged specimen (Ti-6Al-4V) 
 
Figure 4.3 and 4.4 demonstrate the macrostructure and microstructure of Room Temperature 
Hybrid AM + Forged specimen made from titanium alloy Ti-6Al-4V using WAAM. A 
significant reduction in β grain size can be observed. However, upon close examination of the 
macrostructure, it can be observed that reduction in presence of columnar grains is unevenly 
distributed and concentrated towards the centre of the specimen. Moreover, columnar grains 
can still be observed within the macrostructure. However, the extent of grain refinement 
achieved can be clearly noticed at high magnification levels by presence of grain boundaries in 
Figure 4.4.   
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Figure 4.5 - Deformation rates at each deposited layer for Room Temperature Hybrid AM + forging of Titanium alloy (Ti-6Al-
4V) manufactured using WAAM process 
Figure 4.5 represents the deformation levels achieved at each individual layer during Room 
Temperature Hybrid AM + forging process. It can be observed that the deformation rates 
achieved were lower than 19%, which was recommended necessary for achieving grain 
refinement in interpass rolling process. However, partial grain refinement was achieved with 
overall average deformation rate of 16% in the specimen using Room Temperature Hybrid AM 
+ forging process.  
During the manufacturing of specimens for Room Temperature Hybrid AM + forging, it was 
discovered that low temperature of metal made it difficult to perform hammer forging and 
achieve required sufficient deformation. This led to non-uniform and inconsistent forging of 
the deposited layer. As a result, the reduction in grain size obtained was not evenly distributed 
throughout the specimen. Larger columnar grains were still persistent throughout the 
macrostructure near the walls, top and bottom surface. Although, while comparing with the 
control specimen, it can be seen that grain refinement was achieved through hammer forging in 
Ti-6Al-4V manufactured using WAAM. Side-by-side comparison can be seen in Figure 4.6.  
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Comparison of Control and Room Temperature Hybrid AM + forged component 
  
Macrostructure of WAAM produced control specimen (Ti-
6Al-4V) showing presence of large columnar grains 
developing epitaxially from base substrate plate  
Macrostructure of Room Temperature Hybrid AM + forged 
(Ti-6Al-4V) WAAM component showing partially refined 
macrostructure with 16% overall deformation rate 
Figure 4.6 – Side-by-side comparison of control and Hybrid AM + forged Ti-6Al-4V specimen demonstrating grain 
refinement in Hybrid AM + forged specimen 
 
Thus, the feasibility of Hybrid AM + forging was validated, through these initial experiments, 
for achieving grain refinement in Ti-6Al-4V. However, the process required to be further 
improved to obtain consistent and uniform refinement throughout the specimen and develop a 
refined grain structure.   
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4.3 HIGH TEMPERATURE HYBRID AM + FORGING 
High Temperature Hybrid AM + forged Specimens 
  
Figure 4.7 – Macrostructure and Microstructure showing grain refinement of High Temperature Hybrid AM + forged (Ti-
6Al-4V) specimen heated at 650ᵒC 
  
Figure 4.8 – Macrostructure and Microstructure showing grain refinement of High Temperature Hybrid AM + forged (Ti-
6Al-4V) specimen heated at 750ᵒC 
  
Figure 4.9 – Macrostructure and Microstructure showing grain refinement of High Temperature Hybrid AM + forged (Ti-
6Al-4V) specimen heated at 850ᵒC 
 
Figure 4.7 through 4.9 display the macrostructure and microstructure of High Temperature 
Hybrid AM + forged specimens at various temperatures of 650ᵒC, 750ᵒC and 750ᵒC made from 
Ti-6Al-4V manufactured using WAAM process. It was observed that substantial reduction in 
columnar grain size was achieved and the macrostructure partially transitioned to refined 
structure. High magnification images of the microstructure revealed the presence of grain 
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boundaries at 100µm level, exhibiting fine grain structure. Close examination of the 
macrostructures also revealed complete elimination of columnar grains and formation of refined 
structure in High Temperature Hybrid AM + forged specimen. It was noticed that columnar 
grains were still prevalent in the macrostructure of specimen heated at 650ᵒC. This can be 
attributed to lower deformation achieved at 650ᵒC as a result of improper forging due to cold 
metal temperature. Heating the specimen at 750ᵒC led to substantial softening that allowed 
sufficient plastic deformation resulting in higher deformation rates. The deformation levels 
achieved during High Temperature Hybrid AM + forging at 750ᵒC temperature can be seen in 
Figure 4.10.  
 
Figure 4.10 – Deformation rates at each deposited layer for High Temperature Hybrid AM + forging at 750ᵒC of Titanium 
alloy (Ti-6Al-4V) manufactured using WAAM process 
From Figure 4.10 it can be observed that the deformation levels at each individual layer 
achieved during High Temperature Hybrid AM + forging at 750ᵒC temperature were higher 
than 19%, which was recommended necessary for achieving grain refinement in interpass 
rolling method. During production of specimens at high temperatures, it was observed that 
heating of specimens prior to forging process led to softening of metal which made the hammer 
forging process easier. This resulted to increase in deformation rates obtained during forging of 
each individual layers. Additionally, due to this increased deformation, reduction in grain size 
obtained was also consistent and uniform throughout the layers in the specimen (unlike previous 
Room Temperature Hybrid AM + forged specimens) which led to elimination of large columnar 
grains. It was thus revealed that High Temperature Hybrid AM + forging at high temperature 
for Ti-6Al-4V manufactured using WAAM can yield significant grain refinement and 
achievement of refined microstructure, resembling to that of a forged component.  
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However, close examination of macrostructure of High Temperature Hybrid AM + forged 
specimen revealed generation of high heat within layers. This heat input led to formation of 
Heat Affected Zones (HAZ) within the previously deposited layers. This is shown in Figure 
4.11.  
 
Figure 4.11 – Presence of HAZ leading to re-growth of grains due to high 
temperature input during deposition of layers observed in the 
macrostructure of High Temperature Hybrid AM + forged (Ti-6Al-4V) 
WAAM specimens 
 
This high level of heat input in the specimen can be attributed to WAAM deposition parameters 
wherein arc is created between the electrode and specimen. Due to high welding current – 113A, 
previously deposited metal on the surface of the specimen would melt to liquidus temperature. 
The excess heat would then be dissipated in previously deposited layers leading to formation 
of Heat Affected Zones. Due to excess heat and high temperatures within the HAZ, the 
previously refined grains thorough hybrid AM + forging would regrow and develop further. 
This could potentially lead to formation of larger columnar grains in the refined layers during 
subsequent depositions and annihilate the refined microstructure. Hence, it is vital to optimize 
the welding current during deposition that leads to heat input in the specimen to maintain the 
refined microstructure in the previously deposited layers while subsequent layers are deposited 
through WAAM.  
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4.4 IMPROVED ROOM TEMPERATURE HYBRID AM + FORGING  
Improved Room Temperature Hybrid AM + forged Specimen 
  
(a) (b) 
  
(c) (d) 
Figure 4.12 – Macrostructure and Microstructure of Hybrid AM + forged (Ti-6Al-4V) specimen with reduced heat input 
and improved forging process. (a) cross sectional microstructure showing highly refined equiaxed macrostructure 
without the formation of HAZ (b-d) high magnification microstructure showing the reduction in presence of columnar 
grains and presence of fine grains and boundaries within the specimen 
 
Highly controlled and refined grain structure was obtained through improved forging process 
and reduced heat input. This is displayed in Figure 4.12 wherein refined macrostructure can be 
observed throughout the cross section of the specimen. Due to reduction in heat input, by 
reducing the welding current on progression of layer depositions, HAZ was eradicated from the 
macrostructure. Additionally, the improved forging process apparatus led to consistent and 
uniform layer deformation throughout the specimen. This resulted in higher overall deformation 
rate of 35% in the specimen at room temperature. Figure 4.13 represents the deformation rates 
achieved at each individual level during Improved Room Temperature Hybrid AM + forging 
process.  
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Figure 4.13 – Deformation rates at each deposited layer for improved Room Temperature Hybrid AM + forging (reduced heat 
input and improved forging apparatus) of Titanium alloy (Ti-6Al-4V) manufactured using WAAM process 
It can be observed that deformation rates at each individual layer during Improved Room 
Temperature Hybrid AM + forging process of Ti-6Al-4V were significantly higher than the 
required 19% - as mentioned in interpass rolling method. While manufacturing of specimens at 
lower heat input parameters, improper fusion in-between the layers was observed (Figure 
4.15(d)) which led to formation of defects such as layering, porosity, cracks, non-uniform 
deposition etc. Minimum welding current of 100A was required to eliminate these defects and 
obtain a defect free microstructure without generating any HAZ. The side-by-side comparison 
of control and Improved Room Temperature Hybrid AM + forged specimen can be seen in 
Figure 4.14 where significant reduction in columnar grains as well as development of refined 
grain structure in Ti-6Al-4V manufactured using WAAM process can be noticed.  
  
0
5
10
15
20
25
30
35
40
45
50
Layer 1 Layer 2 Layer 3 Layer 4
D
EF
O
RM
A
TI
O
N
 (%
)
DEPOSITED LAYERS
Deformation rates at each layer
  Grain Refinement of Titanium alloy – Ti-6Al-4V manufactured by WAAM 
 
Sozaf AMIRI  44 
Comparison of Control and Room Temperature Hybrid AM + forged component 
  
Macrostructure of WAAM produced control specimen (Ti-
6Al-4V) showing presence of large columnar grains 
developing epitaxially from base substrate plate 
Macrostructure of WAAM (Ti-6Al-4V) produced 
specimen using Improved Room Temperature Hybrid AM 
+ forging process showing highly refined  grain structure 
resembling to that of forged component 
  
Microstructure of WAAM produced control specimen (Ti-
6Al-4V) showing absence of grain boundaries at high 
magnification due to presence of large columnar grains in 
the macrostructure 
Microstructure of WAAM (Ti-6Al-4V) produced specimen 
using Improved Room Temperature Hybrid AM + forging 
process showing presence of highly refined grain 
structure and grain boundary at high magnification 
levels 
Figure 4.14 – Side-by-side comparison of control and Improved Room Temperature Hybrid AM + forged Ti-6Al-4V 
specimen demonstrating significant grain refinement and development of refined microstructure in Hybrid AM + forged 
specimen 
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4.5 MECHANISM OF GRAIN REFINEMENT IN HYBRID AM + 
FORGING OF TI-6AL-4V MANUFACTURED USING WAAM  
Before getting into detail about the process of grain refinement in Hybrid AM + forging process, 
it is essential to understand the mechanism behind the formation of large columnar β grains in 
the macrostructure of Ti-6Al-4V manufactured using WAAM process. During the deposition 
of new layer in WAAM process, the arc developed between the electrode and workpiece 
surfaces causes the metal on the surface to heat to liquidus temperature. The α and β grains 
present in microstructure nearby the arc on the base substrate get transformed into full β 
structure as a result of this high temperature. This leads to development and coarsening of β 
grains, which act as nucleation (grain growth) sites providing ‘memory’ of previous coarse 
microstructure. During solidification of new layer, β grains grow from the previously developed 
coarse β grains (nucleation sites) using the same local orientation due to high liquidus 
temperature generated while deposition. This mechanism is repeated during the deposition of 
each layer and hence β grains continue to regrow back from the previous layer leading to 
formation of large columnar β grains in the macrostructure of Ti-6Al-4V manufactured using 
WAAM process (Wang et al. 2013; Colegrove et al. 2017). 
Grain refinement due to hybrid AM + forging process in Ti-6Al-4V manufactured using 
WAAM process is believed to have occurred as a consequence of multiple factors. Hammer 
forging of the deposited layer causes plastic deformation which breaks the large columnar 
grains present in the microstructure of the specimen. As mentioned earlier in section 2.5, due 
to this plastic deformation point defects and dislocations are developed within the grain 
structure. When the layer is reheated during subsequent deposition of new layer, the heat from 
the arc causes annealing and promotes recovery and recrystallization. It leads to generation of 
new β grain orientations within the layer that prevents development of new grains from previous 
orientations leading to large columnar structure. Subsequently, new grain boundary sites are 
developed due to dislocations and point defects that act as a driving force for recrystallization 
(Martina, Filomeno et al. 2015; Zhang et al. 2017). Hence, during subsequent deposition, β 
grains develop at point defects and dislocations due to static recrystallization (SRX). This grain 
development (recrystallization) from new orientation prevents the re-development of previous 
columnar β microstructure in the specimen and new highly refined grains are developed within 
the grain structure. Similar type of mechanism was also observed by Donoghue et al. (2016) 
during interpass rolling of WAAM components. It should be noted that higher deformation will 
lead to generation of more point defects and dislocations in the microstructure. This, in turn, 
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causes further development of new grains during recrystallization. Hence, grain refinement 
achieved is directly related to the deformation caused during forging process.  
High deformation will lead to generation of point defects and dislocations causing more 
development of grains during deposition. However, the heat generated during deposition of 
subsequent layers is sufficient enough to cause re-melting of the previously deformed and 
refined grains. This eradicates the refined equiaxed grain structure and promotes re-growth and 
development of columnar grains during subsequent solidification. Moreover, high deposition 
temperature also leads to occurrence of grain growth phenomena in previously deposited layers 
which increases the average grain size. This further annihilates the refined structure obtained 
due to Hybrid AM + Forging process. Hence, the mechanism of heat development and 
dissipation during the deposition of subsequent layers needs to be further examined and 
optimized to prevent grain re-melting and grain growth to maintain the refined structure 
obtained through Hybrid AM + forging of Ti-6Al-4V.  
4.6 OTHER KEY OBSERVATIONS 
Several other observations were made throughout the conducted experiments during the 
investigations for this thesis. The macrostructure and microstructure of the specimens obtained 
were not completely free from defects. As mentioned earlier, HAZs were found prevalent in 
most specimens developed during Room Temperature and High Temperature Hybrid AM + 
forging. Moreover, several other defects such as porosity, cracks, improper fusion and layering 
were present in majority of developed samples.  
Figure 4.15 shows the above-mentioned defects observed in the produced specimens. Porosity 
(Figure 4.15 (a)) in the specimens can be attributed to contamination during the WAAM 
deposition process as well as due to hammer forging. Dirt particles were introduced on the layer 
due to contact with the hammer during hybrid AM + forging process. The cracks (Figure 4.15 
(b)) present in the macrostructure can be associated with the plastic deformation occurring due 
to hammer forging. These were present on a few of manufactured specimens. Layering (Figure 
4.15(c)) was also observed in few of the specimen as typical with the layer deposition process 
associated with WAAM. However, this effect was minimized upon optimization of heat input 
and feed rates. 
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Defects observed within macrostructure of produced specimens 
  
(a) (b) 
  
  
(c) (d) 
Figure 4.15 – Macrostructure showing observed defects in various produced samples (a) Porosity (b) Crack (c) Layering 
(d) Improper fusion 
  
During the experiments for optimizing key WAAM parameters, improper fusion (Figure 
4.15(d)) was frequently observed in the macrostructure. This was due to insufficient heat input 
in the system as a result of low welding currents. These defects were removed by increasing the 
heat through high welding currents to obtain homogenous layer deposition.   
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5 LIMITATIONS AND RECOMMENDATIONS 
There are a few limitations associated with the investigations performed during this thesis 
which could be addressed through future research. Firstly, the investigations were focussed on 
achieving the deformation rates of WAAM deposited layer. This deformation was considered 
only in the direction perpendicular to the substrate (thickness of the layer) where the columnar 
grains develop. During experiments, it was observed that width of the layer would also change 
along with the thickness. Although this change in width was not significant, it could have a 
drastic effect on the wall thickness. Significant change in width can lead to high deformation 
measurement rates in layer thickness. Additionally, geometry of the final component may also 
be affected. Hence, future research is recommended for further investigations on changes in 
WAAM deposited wall width due to hybrid AM + forging.  
Secondly, the samples manufactured during the investigations consisted of a multiple layer 
deposition to build a single wall. However, during industrial manufacturing, multiple 
depositions can be made to form multiple walls for increased productivity. It was discovered 
during the investigations that heat generated during deposition play a significant role in 
maintaining the developed grain refinement. Thus, multiple depositions within close proximity 
may lead to heat generation in previously refined section and cause grain growth. It is hence 
recommended to further investigate the effect of hybrid AM + forging on multiple side by side 
wall depositions.  
Thirdly, the samples manufactured were 8 – 10 cm long and the substrate had a height of 4 cm. 
As a result, no distortions and residual stresses were observed within the WAAM deposited 
samples. However, for shorter substrates and large length depositions, distortion and 
development of residual stresses can be an issue. One solution is to heat treat the specimen after 
layer depositions. This could, however, significantly increase manufacturing times and hinder 
productivity. Hence, future research is recommended to investigate the extent of distortion and 
find possible solutions to address the issue.  
Lastly, the issue of high heat generation during subsequent WAAM deposition is still prevalent 
with the potential to eradicate grain refinement achieved in previously deposited layers. Hence, 
for successful implementation of WAAM, it is recommended to further investigate the 
mechanism of heat development and dissipation while reducing the heat input to prevent re-
melting and grain growth during subsequent layer depositions in WAAM process.   
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6 CONCLUSION 
6.1 STATEMENT ON ACHIEVEMENT OF AIM AND OBJECTIVES 
The aim for this thesis was to achieve Grain Refinement of Titanium alloy – Ti-6Al-4V 
manufactured by Wire Arc Additive Manufacturing. Several objectives were identified based 
on literature review and experimental outcomes to ensure effective investigation and successful 
outcomes. These are stated as below.  
1. Investigate the feasibility of Hybrid AM + forging process for achieving grain 
refinement of Ti-6Al-4V manufactured by WAAM 
2. Investigate the effects of Room Temperature Hybrid AM + forging process and 
deformation rates on macrostructure of Ti-6Al-4V components manufactured using 
Wire Arc Additive Manufacturing (WAAM) 
3. Investigate the effects of High Temperature Hybrid AM + forging process and 
deformation rates on macrostructure of Ti-6Al-4V components manufactured using 
Wire Arc Additive Manufacturing (WAAM) 
4. Investigate the effects of Improved Room Temperature Hybrid AM + forging process 
and deformation rates on macrostructure of Ti-6Al-4V components manufactured using 
Wire Arc Additive Manufacturing (WAAM) 
A novel approach of Hybrid AM + forging, comprising of hammer forging in-between WAAM 
layer depositions, was implemented to investigate the effects on macrostructure to achieve grain 
refinement. The feasibility of this approach was initially validated by producing Room 
Temperature Hybrid AM + forged specimens and examining the macrostructure. Effectiveness 
of this approach, in achieving grain refinement, was then improved by modifying the process 
to perform High Temperature Hybrid AM + forging. The results from this experiment were 
examined, with macrostructure expected to exhibit high similarity to that of a forged 
component. Lastly, additional improvements were implemented to modify Room Temperature 
Hybrid AM + forging approach and achieve highly refined macrostructure of Ti-6Al-4V 
manufactured using WAAM.    
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6.2 SUMMARY OF OUTCOMES 
Conclusions for each objective mentioned above are outlined below and are numbered in that 
regard.  
1. (and 2.) Room Temperature Hybrid AM + forging of Ti-6Al-4V manufactured by 
WAAM resulted in partial grain refinement within the macrostructure. Established from 
literature review, this was attributed to low deformation rates of 16% due to cold 
working. This resulted in reduction of grain length, highly concentrated towards the 
centre of the specimen. Larger columnar grains were still found prevalent within the 
macrostructure at the top and sides of the wall. Hence, the feasibility of Hybrid AM + 
forging was validated for achieving grain refinement of Ti-6Al-4V manufacturing using 
WAAM. However, significant improvements were required for further refinement.  
3. Drawbacks associated with Room Temperature Hybrid AM + forging process were 
addressed through High Temperature Hybrid AM + forging of Ti-6Al-4V. Heating the 
specimen at high temperature before forging led to significant increase in the 
deformation rates (28%). It resulted in development of highly refined macrostructure. 
However, grain re-growth was observed which was associated with high heat generation 
during deposition and development of HAZ.  
4. Drastic improvements were made with regards to WAAM process parameters and the 
forging process which led to reduction in heat generation and achievement of high 
deformation rates (35%) at room temperature. This Improved Room Temperature 
Hybrid AM + forging process resulted in significantly higher grain refinement without 
the presence of HAZ and led to complete elimination of columnar grains. It is postulated 
that the grain refinement was achieved due to introduction of point defects and 
dislocations in the grain structure which led to formation of new β orientation during 
recrystallization. Similar mechanism was also observed during interpass rolling process 
(Donoghue et al. 2016). Highly refined macrostructure resembling to that of a forged 
component was successfully achieved through grain refinement by Hybrid AM + 
forging of Ti-6Al-4V manufactured by WAAM.  
Overall, this thesis led to development of a novel approach – Hybrid AM + forging for achieving 
grain refinement of Ti-6Al-4V. It presents a new alternative to the previously established 
methods for achieving grain refinement. Deformation rates of 30% can be easily achieved with 
this new approach which can significantly refine the grain structure and eliminate the presence 
of large columnar grains. Macrostructure similar to that of forged component can be obtained 
leading to elimination of anisotropy. Additionally, complex shaped products can be easily 
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manufactured by hybrid AM + forging process with added benefits of low material wastage and 
manufacturing costs associated with WAAM. Hence, Hybrid AM + forging process enables 
WAAM to be a feasible and promising alternative to address the drawbacks associated with 
conventional manufacturing of titanium components and reduce the macrostructural gap 
between WAAM and forged component.   
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APPENDIX A 
MACROSTRUCTURES OF FEW MANUFACTURED SAMPLES  
  
Macrostructure and Microstructure of Room Temperature Hybrid AM + forged Ti-6Al-4V manufactured using WAAM 
showing partial and concentrated grain refinement 
  
Macrostructure and Microstructure of Room Temperature Hybrid AM + forged Ti-6Al-4V manufactured using WAAM 
showing partial and concentrated grain refinement 
  
Macrostructure and Microstructure of Room Temperature Hybrid AM + forged Ti-6Al-4V manufactured using WAAM 
showing increased partial grain refinement 
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Macrostructure and Microstructure of High Temperature (750ᵒC) Hybrid AM + forged Ti-6Al-4V manufactured using 
WAAM showing elimination of columnar grains and refined grain structure 
  
Macrostructure and Microstructure of High Temperature (750ᵒC) Hybrid AM + forged Ti-6Al-4V manufactured using 
WAAM showing improved grain refinement 
  
Macrostructure of Room Temperature Hybrid AM + forged Ti-6Al-4V manufactured using WAAM showing improper 
fusion and layering at 90A welding current 
  
Macrostructure and Microstructure of Room Temperature Hybrid AM + forged Ti-6Al-4V manufactured using WAAM at 
110A welding current 
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APPENDIX B 
Apparatus used during manufacturing of samples 
  
Custom forging rig used for developing improved Hybrid 
AM + Forging samples 
Apparatus for optical microscope used for macroscopic 
examination consisting of Reichert-Jung Polyvar MET 
Optical Microscope mounted with Canon EOS 5D Mark II 
camera 
  
WAAM machine setup showing electrode, feed wire and CNC base table used for manufacturing of samples 
 
EWM Tetrix350 with automatic wire 
feeder used during manufacturing of 
WAAM samples 
 
